The competition between two regimes of the nucleation of superconductivity is investigated experimentally and theoretically in a mesoscopic disk-shaped superconductor/ferromagnet hybrid. By changing the magnetic state of a multilayered Co/Pt disk one can reversibly affect the magnetic-field dependence of the critical temperature T c ͑H͒ of an Al layer. We demonstrate that an enhancement of the magnetic field near the edge of the out-of-plane magnetized disk either stimulates the nucleation of superconductivity at the disk perimeter due to the field compensation effect or prevents it due to edge magnetic barrier ͑for relatively low ͉H͉ values͒. As a consequence, the presence of such magnetic-field pattern makes it possible to eliminate boundary effects for mesoscopic superconducting samples. Switching from one nucleation regime to another while sweeping H leads to an abrupt change of the slope of the T c ͑H͒ envelope. The coexistence of superconductivity and magnetic order has been intensively studied for several decades ͑see review 1 and references therein͒. Recent achievements in nanotechnology make it possible to prepare hybrid superconductor/ ferromagnet ͑S/F͒ structures and study experimentally different aspects of the nontrivial interaction between the S and F components. In the case of spatially separated S and F subsystems, when the direct exchange of electrons at the interface between the two materials becomes suppressed, the interaction is dominated by the slow decaying magnetic fields b͑r͒ induced by the ferromagnet. In particular, the inhomogeneous b͑r͒ field generated by magnetic domains in the F layer affects strongly the nucleation of the superconductivity in the S layer and leads to exotic dependences of the critical temperature T c on an external magnetic field H.
The competition between two regimes of the nucleation of superconductivity is investigated experimentally and theoretically in a mesoscopic disk-shaped superconductor/ferromagnet hybrid. By changing the magnetic state of a multilayered Co/Pt disk one can reversibly affect the magnetic-field dependence of the critical temperature T c ͑H͒ of an Al layer. We demonstrate that an enhancement of the magnetic field near the edge of the out-of-plane magnetized disk either stimulates the nucleation of superconductivity at the disk perimeter due to the field compensation effect or prevents it due to edge magnetic barrier ͑for relatively low ͉H͉ values͒. As a consequence, the presence of such magnetic-field pattern makes it possible to eliminate boundary effects for mesoscopic superconducting samples. Switching from one nucleation regime to another while sweeping H leads to an abrupt change of the slope of the T c ͑H͒ envelope. The coexistence of superconductivity and magnetic order has been intensively studied for several decades ͑see review 1 and references therein͒. Recent achievements in nanotechnology make it possible to prepare hybrid superconductor/ ferromagnet ͑S/F͒ structures and study experimentally different aspects of the nontrivial interaction between the S and F components. In the case of spatially separated S and F subsystems, when the direct exchange of electrons at the interface between the two materials becomes suppressed, the interaction is dominated by the slow decaying magnetic fields b͑r͒ induced by the ferromagnet. In particular, the inhomogeneous b͑r͒ field generated by magnetic domains in the F layer affects strongly the nucleation of the superconductivity in the S layer and leads to exotic dependences of the critical temperature T c on an external magnetic field H. [2] [3] [4] [5] [6] [7] [8] [9] Indeed, the presence of inhomogeneous fields results in the appearance of places where the transverse component of the total magnetic field ͉b z ͑r͒ + H͉ reaches a local minimum and thus the nucleation of localized superconductivity in thin superconducting films will be promoted due to the field compensation effect.
The sample's imperfections or boundaries also stimulate the appearance of localized superconductivity in real samples. 10 As a result, a competition between different regimes of the order-parameter ͑OP͒ nucleation leads to additional modifications of the phase boundary T c ͑H͒. The OP nucleation in S/F hybrids with different competing confinements was recently studied theoretically in Refs. [3] [4] [5] [6] 8 , and 9. For example, for a generic S/F hybrid, consisting of a mesoscopic superconducting disk and a small magnetic particle, theory predicts two well-defined regimes: superconductivity can nucleate either near the disk center ͑under the magnetic particle͒ or at the disk edge. Switching between these regimes induced by varying the external field has been predicted to result in an abrupt change of the slope of T c ͑H͒. In this work we check experimentally the theoretical predictions for the superconducting OP nucleation in mesoscopic S/F hybrids consisting of S and F disks of the same diameters. We clearly demonstrate that the enhancement of the magnetic field near the disk perimeter is able to act as a magnetic potential barrier for the superconducting condensate. Interestingly, an effective suppression of the edge OP nucleation makes it possible to eliminate boundary effects inherent for all mesoscopic superconducting samples. 3, 11 In addition, we show that the onset of the most favorable nucleation regime manifests itself as a clear change in the slope of T c ͑H͒.
The sample under investigation is a 50 nm thick Al disk with a diameter of 1.7 m, covered by a ferromagnetic ͓0.4 nm Co/ 1.0 nm Pt͔ 10 multilayer, with a well-defined out-of-plane magnetization. 7 The S and F layers are separated by a 5 nm thick insulating Si layer in order to exclude the exchange interaction. Since the lateral size of the ferromagnetic disk is rather large, the as-grown and demagnetized states of such ferromagnet consist of multiple bubble domains. After applying an external field H m of the order of the coercive field of the ferromagnet ͑H c Ӎ 1 kOe at T =5 K͒, it is possible to obtain nonzero remanent magnetization close to saturation. The higher the H m value, the larger the averaged residual magnetization ͗M z ͘ of the sample. 7 We have carried out measurements of the electrical resistance R as a function of temperature T and external field H in a four-probe geometry injecting a bias current through symmetrically attached leads ͑see Fig. 1͒ . In order to investigate the influence of the magnetic domains on the nucleation of superconductivity the measurements were done using the same sample but for different magnetic histories ͑in particular, H m = 2.0, 2.5, and 3.4 kOe͒. During resistance measurements the maximal H field was always kept much lower than H c , allowing us to assume that the residual distribution of magnetization has not been considerably changed. Using the measured dependencies R͑H , T͒, we reconstructed the phase boundary T c ͑H͒ based on the criterion R͑H , T c ͒ = 0.1 R n , where R n is the normal-state resistance. Figure 2 summarizes the evolution of the T c ͑H͒ line for different remanent states of the sample. For a comparison the T c ͑H͒ of a coevaporated reference Al disk ͑without magnetic layer on top͒ is also included. This phase boundary shows Little-Parks oscillations, indicating changes of vorticity in the system by one flux quantum. 3, 12 The hybrid sample in the demagnetized state ͑curve H m = 0 in Fig. 2͒ shows a strong suppression of T c as compared with the reference sample. A slightly asymmetric boundary in this case depends on the magnetic history and possibly reflects imperfections of the degaussing procedure resulting in a certain imbalance between positive and negative domains. After magnetizing the S/F hybrid in a positive external field H m , a clear displacement of the T c maximum toward negative H values is observed. In addition to this displacement, for the magnetized states the T c ͑H͒ lines become highly asymmetrical with respect to the position of the T c maximum. Indeed, for stronger negative fields ͑at the left side of the T c maximum͒ the average slope s = ͉dT c / dH͉ and the Little-Parks oscillations reproduce the phase boundary of the Al disk, whereas for weak negative fields ͑to the right of the T c maximum͒ the slope s becomes steeper and Little-Parks oscillations are less pronounced and dependent on ͗M z ͘.
In order to explain the observed modification of the phase boundary of the mesoscopic S/F hybrid, we considered the OP nucleation in a superconducting disk of radius R s and finite thickness D s , placed at a distance h below the ferromagnetic disk of the same radius and thickness D f in the framework of the Ginzburg-Landau ͑GL͒ theory ͑for more details of the model see Ref. 5͒. The key issue in the modeling is the proper choice of the distribution of the out-ofplane magnetization M z . In order to describe an effect of the magnetic domains inside the ferromagnet on T c ͑H͒, we consider a concentric magnetic structure ͑see Fig. 1͒ . All domain walls are assumed to be cylinders of radius r dw ͑i͒ and the local magnetization equals the saturated magnetization M s ͑or −M s ͒ for positive ͑negative͒ domains. Even though this assumption represents a simplifications of the real magnetic pattern, it allows us to take into account the magnetic confinement typical for S/F hybrids with bubble domains. 8, 9 The vector potential induced by a uniformly magnetized disk, M z ͑r͒ = M s , can be calculated as follows: 4 13, 14 and ͑r , , z͒ is the cylindrical reference system. Thus, the uniformly magnetized disk with an aspect ratio R f / D f ӷ 1 creates a highly inhomogeneous distribution of the magnetic field characterized by two length scales D f and R f : ͑i͒ the z component of the field reaches a maximal value B max Ӎ ͗M z ͘ ͑for h Ӷ D f ͒ in a ringlike region of the width of the order of D f near the disk edge and ͑ii͒ the field in the central part of the F disk varies quite slowly in space and a typical amplitude can be estimated as B 0
Provided that the widths of the domain walls are much smaller than other length scales, the magnetic field induced by a single circular domain is similar to that generated by a current loop of radius r dw ͑i͒ ͑see Ref. 13͒. Summing up the fields induced by each domain, one can get an additional component,
where k i 2 =4rr dw ͑i͒ / ͓͑r + r dw ͑i͒ ͒ 2 + ͑z − zЈ͒ 2 ͔ and N dw is the number of the domain walls.
Let us choose the total gauge in the form A r,z = 0 and A ͑r , z͒ = a ͑1͒ ͑r , z͒ + a ͑2͒ ͑r , z͒ + Hr / 2, where H is the external magnetic field oriented along the z axis. Then due to the cylindrical symmetry the angular momentum L of the Cooper pairs ͑vorticity͒ is conserved, 5, 6 and the solution of the linearized GL equation can be generally found in the form of the giant vortex ⌿͑r͒ = f͑r , z͒e iL . The f͑r , z͒ function should be determined from the following two-dimensional boundary problem: ͑1͒
is the superconducting coherence length, T c0 is the critical temperature at H = 0, and ⌽ 0 = បc / e is the flux quantum. As usual, the minimal eigenvalue ͑1 / 2 ͒ min of Eq. ͑1͒ determines the critical temperature T c = T c0 ͓1− 0 2 ͑1 / 2 ͒ min ͔. The calculated T c ͑H͒ dependencies are compared with the experimental data in Fig. 3 . The T c ͑H͒ for a plain S disk is shown in panel ͑a͒ and is very similar to the experimental curve using the following fitting parameters: R s = 0.825 m, M s =0, T c0 = 1.275 K, and 0 = 160 nm.
The phase boundary for the magnetized S/F system is compared with calculations in panel ͑b͒ of Fig. 3 . The mentioned shift of the main T c maximum can be explained by field compensation in the disk center. Indeed, applying a weak negative external field ͑i.e., ͉H͉ӍB 0 ͒ results in a vanishing of the total magnetic field in a broad central part of the superconducting disk. At the same time, the enhancement of the b z component near the disk edge acts as magnetic barrier for the superconducting condensate and prevents the edge nucleation of superconductivity even in small-sized superconductors ͓see panel ͑b͒ of Fig. 4͔ . As a result, near this compensation field superconductivity nucleates first in the center of the superconducting disk in the form of a vortexfree state ͑L =0͒. Since the surface superconductivity becomes effectively suppressed, the OP nucleation in the mesoscopic S/F sample in this field range should be somehow similar to that typical for bulk superconducting samples and the reduced critical temperature T c / T c0 will be close to 1−͉H͉ / H c2 0 , with H c2 0 the upper critical field at T =0. 10 In contrast, for rather high negative fields ͉͑H͉ ӷ B 0 ͒ due to the compensation effect a minimal value of the total magnetic field reaches at the edge of the disk ͓panel ͑a͒ of Fig.  4͔ , and the edge OP nucleation will be promoted. Therefore, in this field range the oscillatory phase boundary is shifted toward negative H for fields of the order of B max . In addition, the slope s becomes close to T c0 / H c3 0 , typical for mesoscopic superconductors, with H c3 0 Ӎ 1.69H c2 0 the critical field of surface superconductivity at T =0. 10 Thus, the observed change in the slope of the phase boundary can be attributed unambiguously to modifications of the conditions for the OP nucleation, caused by a competition between surface nucleation and magnetic confinement of the superconducting condensate.
A second change of the T c ͑H͒ slope, corresponding to the restoration of the edge nucleation regime, is expected at positive H values. Since the ratio between the total magnetic field at the edge H + B max and in the center H + B 0 goes to unity for increasing H value ͓panel ͑c͒ of Fig. 4͔ , the magnetic barrier no longer prevents the edge OP nucleation. Corresponding with this second change of slope, a huge change in vorticity is expected from L =0 to L = 5. The experimentally observed strong dip in T c at H Ӎ −20 Oe can be attributed to an entrance of a giant vortex. The discrepancy between the theoretically predicted transition field ͑at H Ӎ 13 Oe͒ and the experimentally observed position can be ascribed to the approximate character of the model which ignores imperfections of the sample boundaries and nonaxial symmetry of the stray magnetic field, both tending to reduce the magnetic barrier at the sample border. We emphasize that a partly suppressed surface superconductivity for H Ͼ 0 makes the conditions for the OP nucleation near the sample edge less favorable than at negative H values, resulting in less pronounced Little-Parks oscillations in the positive field region.
The calculated phase boundary for the demagnetized S/F sample is shown in panel ͑c͒ of Fig. 3 . Here we assume the presence of circular bubble domains inside the ferromagnet with domain walls equally distributed along the r axis. According to magnetostatics, the narrower the magnetic domains, the more inhomogeneous the field over the sample thickness will be. 8 Therefore, in order to obtain the strong general suppression of T c and a reasonable phase boundary, one should take into account both the field and OP variations in the z direction.
In conclusion, we have demonstrated experimentally and theoretically that the conditions for the nucleation of superconductivity in a mesoscopic S/F hybrid can be strongly modified by the magnetic confinement produced by a ferromagnetic layer. A field-induced transition from the OP nucleation in the center of the structure toward its boundaries can be clearly identified as a pronounced asymmetry in the phase boundary and an abrupt change of the slope of the envelope of the T c ͑H͒ dependence.
